0.5-0.8 mm in diameter and 1.2-2.0 mm in length, motile by means of flagella. The temperature range for growth was 30-65 8C, with an optimum at 50-52 8C. The pH range for growth was 5.2-7.5, with optimum growth at pH 6.0-6.2.Growth of strain Sh68
T was observed at NaCl concentrations ranging from 0 to 2.3 % (w/v). Strain Sh68 T grew anaerobically with elemental sulfur as an energy source and bicarbonate/CO 2 as a carbon source. Elemental sulfur was disproportionated to sulfide and sulfate. Growth was enhanced in the presence of poorly crystalline Fe(III) oxide (ferrihydrite) as a sulfide-scavenging agent. Strain Sh68 T was also able to grow by disproportionation of thiosulfate and sulfite. Sulfate was not used as an electron acceptor either with H 2 or with organic electron donors. Analysis of the 16S rRNA gene sequence revealed that the isolate belongs to the class Deltaproteobacteria and is related most closely to Dissulfuribacter thermophilus S69 T (90.0 % similarity). On the basis of its physiological properties and results of phylogenetic analyses, strain Sh68 T is considered to represent a novel species of a new genus, for which the name Dissulfurimicrobium hydrothermale gen. nov., sp. nov. is proposed. The type strain of Dissulfurimicrobium hydrothermale is Sh68 T (5JCM 19990
. This is the first description of a sulfur-disproportionating thermophile from a terrestrial ecosystem.
Micro-organisms that disproportionate sulfur compounds (thiosulfate, sulfite, elemental sulfur) play an important role in the modern sulfur cycle and probably were involved in sulfur transformations in early Archaean ecosystems (Bak & Cypionka, 1987; Thamdrup et al., 1993; Philippot et al., 2007; Wacey et al., 2011) . Disproportionation of sulfur compounds that supports microbial growth has been reported for about 25 species of mesophilic bacteria (Finster, 2008; Poser et al., 2013) and for three species of thermophiles (Jackson & McInerney, 2000; Slobodkin et al., 2012 . While the majority of micro-organisms that ferment inorganic sulfur compounds are able to dismutate sulfur oxyanions, the disproportionation of elemental sulfur is a rarer physiological property. Among thermophiles, the capacity to grow by disproportionation of elemental sulfur is known for Thermosulfurimonas dismutans and Dissulfuribacter thermophilus, chemolithautotrophic bacteria isolated from the deep-sea hydrothermal vent of the Eastern Lau Spreading Center (Slobodkin et al., 2012 bacterium that has been isolated from a terrestrial hydrothermal pond at Uzon Caldera, Kamchatka.
Strain Sh68
T was isolated from a sample of grey sediment collected from the hot pond 'Kuchonnyi' at Uzon Caldera, Kronotsky Nature Reserve, Kamchatka, Russia, in September 2009. The physical conditions at the sampling point (1.5 m offshore, depth 30 cm from the water surface) were 51 8C, pH 5.9 and E h 2210 mV. Samples were taken in tightly stoppered bottles in a way to minimize the presence of oxygen, and transported to the laboratory. An enrichment culture was initiated by inoculation of 10 % (w/v) of the sample into anaerobically prepared, bicarbonate-buffered, sterile liquid medium supplemented with elemental sulfur (sublimated, 5.0 ) with the composition as described previously (Slobodkin et al., 2012) . No reducing agents were added to the medium. The pH of the autoclaved medium was 6.7-6.8 (measured at 25 8C). Ferrihydrite was prepared as described by Slobodkin et al. (1999) . Medium (10 ml) was dispensed into 17 ml Hungate tubes; the headspace was filled with CO 2 (100 %). After incubation of the enrichment cultures at 50 8C for 7 days, the colour of the ferrihydrite changed from brown to black, indicating Fe(III) reduction; elemental sulfur also changed colour from yellow to grey. After three subsequent transfers and following serial 10-fold dilutions in the same medium, only one morphological type was observed in the highest growth-positive dilution (10 28 ). Attempts to obtain separate colonies in agar-or Gelrite-blocks or by the roll-tube method were unsuccessful either with 1 % Gelrite gellan gum or with 1 % agar as solidifying agents, with or without ferrihydrite. A pure culture of strain Sh68
T was obtained after multiple serial dilutions in the same medium.
Physiological studies on substrate utilization and on temperature, pH and salinity ranges for growth were carried out in the medium used for isolation, unless noted otherwise. All organic substrates were tested in the presence and in the absence of yeast extract (0.2 g l 21 ). Unless noted otherwise, the concentration of organic acids, alcohols and sugars tested as potential electron donors was 10 mM; peptone was used at 2.5 g l
21
. In electron acceptor utilization experiments, elemental sulfur and ferrihydrite were omitted. Growth of bacteria was determined by direct counting with a phase-contrast microscope (Olympus CX41) and a counting chamber. Sulfide and sulfate concentrations were analysed as specified elsewhere (Slobodkin et al., 2012) . Cellular fatty acid (CFA) profiles were determined by GC-MS according to Zhilina et al. (2012) ; the Sherlock MIS system was used as database (Sasser, 1990) . CFA content was determined as a percentage of the total ion current peak area. Light and electron microscopy, Gram staining, Fe(II) analysis, DNA extraction and determination of DNA G+C content were performed as specified previously (Slobodkin et al., 1999) . 16S rRNA gene amplification and sequencing were performed as described previously . Pairwise similarity values were calculated by means of the EzTaxon server (http://www.ezbiocloud.net/eztaxon; Kim et al., 2012) . Alignment with a representative set of related 16S rRNA gene sequences from GenBank (Benson et al., 1999) was carried out with the CLUSTAL W program implemented in the phylogenetic analysis package MEGA version 6 (Tamura et al., 2013) . Evolutionary analysis and phylogenetic tree reconstruction employed the maximum-likelihood method based on the Tamura-Nei model (Tamura & Nei, 1993) provided by MEGA version 6.
Cells of strain Sh68
T were short rods with rounded ends, 0.5-0.8 mm in diameter and 1.2-2.0 mm in length, growing singly or in pairs. Cells were motile by means of flagella (Fig. 1a) . Formation of endospores was not observed. Cells stained Gram-negative in both the exponential and the stationary growth phases. Ultrathin sections of strain Sh68 T revealed a Gram-negative cell-wall type (Fig. 1b) . The temperature range for growth was 30-65 8C with an optimum at 50-52 8C. No growth was detected at 28 or 67 8C after incubation for 3 weeks. The pH range for growth was 5.2-7.5, with an optimum at pH 6.0-6.2. No growth was detected at pH 4.5 or 8.0. Growth of strain Sh68 T was Dissulfurimicrobium hydrothermale gen. nov., sp. nov.
observed at NaCl concentrations ranging from 0 to 2.3 % (w/v), but no growth was evident at 2.5 % (w/v) NaCl. T at these conditions was about 3.0-3.2 h. Elemental sulfur disproportionated to sulfide and sulfate at a ratio of approximately 3 : 1. When ferrihydrite was omitted from the cultivation medium, growth of strain Sh68
T was observed only in the vessels with a large head space volume (ratio of gas phase to liquid phase .8 : 1). Without ferrihydrite the concentration of sulfide (sum of sulfide content in liquid and gas phases of the cultivation vessel) in outgrown cultures was 2.8¡0.3 mmol S 22 l 21 (mean¡SD). In the absence of ferrihydrite, the maximal cell density, 4.0-5.0610 7 cells ml
21
, was observed after 92-96 h of cultivation (Fig. S1 , available in the online Supplementary Material) while in the presence of ferrihydrite the maximal cell density reached 1.0-1.2610 8 cells ml
.
Strain Sh68
T was also able to grow by disproportionation of thiosulfate (10 mM) and sulfite (5 mM), producing sulfide and sulfate at ratios of 1 : 1 and 1 : 3, respectively. Similar to S 0 disproportionation, a large head space volume was required for growth with thiosulfate and sulfite in the absence of ferrihydrite. Yeast extract (0.2 g l 21 ) or acetate (4.5 mM) did not stimulate growth of strain Sh68
T with either sulfur, thiosulfate or sulfite. In the presence of elemental sulfur and ferrihydrite, addition of succinate (10 mM) increased the growth rate and maximal cell yields of strain Sh68 T about 1.5-fold. In this case, strain Sh68 T still grew by sulfur disproportionation, as evident from production of sulfate, which was the same as in the absence of succinate. Addition of H 2 / CO 2 (80 : 20, v/v), formate, methanol, ethanol, n-propanol, i-propanol, butanol, acetate, propionate, butyrate, lactate, pyruvate, fumarate, malate, maleinate, tartrate, oxalate, citrate, glycerol, glycine, alanine and peptone did not stimulate growth of strain Sh68
T in the presence of elemental sulfur and ferrihydrite. The strain did not ferment glucose, fructose, maltose, sucrose, arabinose, pyruvate or peptone and was not able to grow aerobically (gas phase air 100 %) or microaerobically (3.0 %, v/v, O 2 ) with these organic electron donors or with elemental sulfur (150 mM) or thiosulfate (10 mM) as inorganic electron donors. Strain Sh68 T did not reduce sulfate, nitrate, fumarate, 9,10-anthraquinone 2,6-disulfonate, Fe (III) 
CFAs of strain Sh68
T grown in the medium with elemental sulfur and ferrihydrite and harvested in the late exponential phase of growth comprised a mixture of saturated and monounsaturated components (Table S1 ). The major CFAs were C 16 : 0 (29.5 %), cyclo-C 19 : 0 (19.2 %), C 18 : 1 v5 (18.3 %) and C 18 : 0 (12.3 %) with lesser amounts of C 17 : 0 (8.7 %) and C 18 : 1 v7 (5.2 %). Other fatty acids were present in low or trace amounts (,5 %).
The G+C content of the genomic DNA of strain Sh68 T was 49 mol% (T m ). Analysis of the 16S rRNA gene sequence (1521 bp) of strain Sh68
T revealed that it belonged to the class Deltaproteobacteria (Fig. 2) . Phylogenetically, the novel strain was related distantly to species of the different orders of Deltaproteobacteria. Using the EzTaxon-e server (http://ezbiocloud.net; Kim et al., 2012) , strain Sh68
T was shown to be related most closely to Dissulfuribacter thermophilus S69 T (89.66 % 16S rRNA gene sequence similarity). Additionally, strain Sh68 T shared 87.55 % sequence similarity with a representative of the order Desulfobacterales, Desulfobulbus elongatus DSM 2908 T , and 87.04 % similarity with Desulfomonile limimaris DCB-M T in the order Syntrophobacterales.
The new isolate described in this report is the first sulfurdisproportionating thermophile isolated from a terrestrial ecosystem. Strain Sh68 T was isolated from a mid-sized (10-15 m in diameter), hot (45-55 8C) pond at Uzon Caldera, Kamchatka. The bottom sediments of the pond have the characteristic odour of hydrogen sulfide, indicating potentially active biogeochemical sulfur cycling. The closest phylogenetic relative of strain Sh68
T is a thermophilic sulfur-disproportionating deltaproteobacterium, Dissulfuribacter thermophilus, isolated from a deep-sea hydrothermal vent . In addition to significant phylogenetic distance, strain Sh68
T differs from Dissulfuribacter thermophilus in genomic DNA G+C content and in some physiological characteristics, including temperature, pH and salinity ranges and optima for growth, with temperature optimum for strain Sh68 T being almost 10 8C lower (Table 1) . On the basis of phylogenetic position and phenotypic properties, we propose to classify strain Sh68 T as the type strain of a novel species of a new genus, Dissulfurimicrobium hydrothermale gen. nov., sp. nov. The taxonomic position of the proposed new genus could not be currently resolved to the rank of family or even order. It is evident from the degree of 16S rRNA gene sequence similarity between strain Sh68
T and any of the reference strains represented in the 16S rRNA gene databases that this strain represents a novel species and a new genus that is almost equidistantly related to the members of the orders Desulfobacterales and Syntrophobacterales. The need for the creation of a new family to comprise Dissulfuribacter thermophilus has already been suggested . However, the decision to describe a higher taxon to accommodate Dissulfuribacter thermophilus and Dissulfurimicrobium hydrothermale should await phylogenetic and physiological characteristics of additional members of this new lineage.
Description of Dissulfurimicrobium gen. nov. Dissulfurimicrobium (Dis.sul.fu.ri.mi.cro9bi.um. L. inseparable particle dis in two; L. n. sulfur sulfur; N.L. neut. n. Shows the following properties in addition to those given in the genus description. Cells are short rods, 0.5-0.8 mm in diameter and 1.2-2.0 mm in length, growing singly or in pairs. Cells are motile by means of flagella. Gram-stain-negative. Thermophilic. The temperature range for growth is 30-65 uC, with an optimum at 50-52 uC. The pH range for growth is 5.2-7.5, with an optimum at pH 6.0-6.2. NaCl range for growth is 0-2.3 % (w/v). Grows with elemental sulfur as an energy source and bicarbonate/CO 2 as a carbon source. Elemental sulfur is disproportionated to sulfide and sulfate. Growth is enhanced with poorly crystalline Fe(III) oxide (ferryhydrite) as a sulfide-scavenging agent. Able to grow by disproportionation of thiosulfate and sulfite. In the presence of The type strain is Sh68 T (5JCM 19990 T 5VKM B-2854 T ), which was isolated from a terrestrial hydrothermal pond at Uzon Caldera, Kamchatka Peninsula, Russia. The G+C content of the genomic DNA of the type strain is 49 mol% (T m ).
